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We study the dijet azimuthal de-correlation in relativistic heavy ion collisions as an important probe of 
the transverse momentum broadening effects of a high energy jet traversing the quark–gluon plasma. We 
take into account both the soft gluon radiation in vacuum associated with the Sudakov logarithms and 
the jet PT -broadening effects in the QCD medium. We ﬁnd that the Sudakov effects are dominant at the 
LHC, while the medium effects can play an important role at RHIC energies. This explains why the LHC 
experiments have not yet observed sizable PT -broadening effects in the measurement of dijet azimuthal 
correlations in heavy ion collisions. Future investigations at RHIC will provide a unique opportunity to 
study the PT -broadening effects and help to pin down the underlying mechanism for jet energy loss in 
a hot and dense medium.
© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
One of the most important discoveries in the relativistic heavy 
ion experiments at RHIC at Brookhaven National Laboratory and 
the LHC at CERN is the jet quenching phenomena [1–4], where 
high energy partons lose tremendous energy through their interac-
tions with the quark–gluon plasma created in heavy ion collisions. 
Theoretically, the jet energy loss can be understood as a result 
of the induced gluon radiation when the parton traverses the hot 
QCD matter, and has been well formulated in the QCD framework 
[5–9]. Alternatively, the strong coupling feature of the medium can 
be described by models based on the Ads/CFT correspondence in 
string theory [10–15]. These calculations have been successfully 
applied to heavy ion phenomenology in order to understand the jet 
quenching related experimental data from the RHIC and LHC [16].
Meanwhile, there has been a strong theoretical argument that 
the jet energy loss is associated with the PT -broadening phenom-
ena [7], where the energetic jet accumulates additional transverse 
momentum perpendicular to the jet direction. Combining the anal-
ysis of the jet energy loss and PT -broadening is of crucial im-
portance to consolidate the underly mechanism for the jet energy 
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SCOAP3.loss. Dijet production is an ideal process for this physics, where 
we can use the leading jet as a reference. The jet energy loss can 
be studied by measuring the energy of the away side jet, and the 
PT -broadening effects can be accessed through the azimuthal an-
gular correlation. The former has been investigated by the ATLAS 
and CMS Collaborations at the LHC through the so-called A J dis-
tribution measurements, where the theoretical interpretations are 
consistent with the jet energy loss [17–19]. Similar conclusion has 
been reached also for photon-jet events [20], see, e.g., Ref. [21]. 
Both experiments have also studied the azimuthal angular correla-
tion between the two jets, but found no difference as compared to 
the pp collisions. The goal of this paper is to perform a systematic 
study on the dijet azimuthal de-correlation in heavy ion collisions. 
In particular, we ﬁnd that the PT -broadening effects plays a negli-
gible role at the LHC energy, whereas, it will become an important 
contribution and should be observed at the RHIC energy, since Su-
dakov effects at the LHC are much stronger than that at RHIC. The 
experimental investigation of these PT -broadening effects in di-
jet production is a crucial step forward to identify the underlying 
mechanism for the jet energy loss in heavy ion collisions.
As illustrated in Fig. 1, dijets are produced in partonic scatter-
ing, which go through the hot QCD medium before reaching the 
detector,
A + A → Jet1 + Jet2 + X . (1)le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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processes and the multiple scattering between the high energy jet and the medium induced gluon radiation contribute to the de-correlation.Most of the dijet events are produced in the back-to-back az-
imuthal correlation conﬁguration with the azimuthal angle: φ =
φ1 − φ2 ∼ π , where φ1,2 are the azimuthal angles of these two 
ﬁnal state jets with transverse momenta k1⊥ and k2⊥ , respec-
tively. There are two important contributions to the azimuthal 
de-correlation of the two jets in heavy ion collisions: one is the 
soft and collinear gluon radiation associated with the partonic 
2 → 2 subprocesses, which is referred to as the Sudakov effects; 
the other is the PT -broadening effects due to multiple scatter-
ing and medium induced radiation when high energy jets prop-
agate through the medium. Therefore, in order to unequivocally 
determine the PT -broadening effects from the medium, we have 
to ﬁrst understand the Sudakov effects in dijet production. Be-
cause this comes from the partonic scattering, we can study it in 
dijet production in pp collisions, which has been extensively in-
vestigated by the experiments at the Tevatron [22] and the LHC 
[23,24]. The theoretical developments [25,26] in the last few years 
have also advanced, where a successful description of these data 
was found [26].1 In the following, we will compare the rela-
tive importance of the Sudakov and PT -broadening effects at the 
LHC and RHIC. This will provide a benchmark calculation for the 
PT -broadening in high energy hard scattering processes in AA and 
pA collisions.
2. Sudakov and PT -broadening effects
We follow the BDMPS framework [6–8] to analyze the PT -
broadening effects in the heavy ion collisions, and compare that 
with the Sudakov effects from gluon radiation in vacuum. As il-
lustrated in the right panel of Fig. 1 (a), when a high energy jet 
traverses the medium, it suffers multiple scatterings and medium 
induced gluon radiation. These effects can be represented by a 
characteristic scale Q 2s = qˆL, which depends on the transport co-
eﬃcient qˆ [7], and the length of the jet path in the medium L. 
The physics behind the PT -broadening is that each scattering ran-
domly gives a small transverse momentum kick to the jet, which in 
turn accumulates a total transverse momentum of order Q s along 
the path in the medium. In the BDMPS framework, this effect is 
computed in a Glauber multiple scattering theory, and the result 
1 As shown in Ref. [26], the conventional perturbative QCD calculation for dijet 
angular correlation only works in the large angle region where φ is far from π . 
In the back-to-back region where φ ∼ π , it fails due to the appearance of large 
Sudakov logarithms. Therefore, it is important to switch to the Sudakov formalism 
which resums arbitrary number of gluon emission in the back-to-back region.is expressed in the Fourier transformation conjugate b⊥-space as 
e−Q 2s b2⊥/4. When Fourier transforming back to the transverse mo-
mentum space, it leads to a Gaussian-like distribution of e−q2⊥/Q 2s , 
where q⊥ represents the transverse momentum perpendicular to 
the jet direction. In addition, recent studies [27–31] reveal that ad-
ditional medium induced gluon radiation can also contribute to the 
jet PT -broadening, and leads to slightly larger values of Q 2s .
The numerical qˆ parameter has been a subject of intensive stud-
ies in jet quenching phenomenology, see a recent report from the 
JET-Collaboration [16], which gives roughly Q 2s = qˆL  6 GeV2 at 
RHIC and qˆL  10 GeV2 at the LHC for quark jets if we assume 
that medium length L = 5 fm. (Here L is the total averaged ef-
fective medium length that produced dijets traverse, which may 
be smaller for an expanding medium.) For gluon jets, Q˜ 2s is 
2N2c
N2c −1
times of that for quark jets due to different Casimir factors.
The medium related PT -broadening effect is physically differ-
ent from the Sudakov effects computed from the collinear and soft 
gluon radiation in hard scattering processes [32]. To see this more 
clearly, we compare the effects from the gluon radiation contribu-
tions in the right panel of Fig. 1. The vacuum radiation diagram of 
(b) has been excluded in the medium induced radiation contribu-
tion in the BDMPS calculations, which, on the other hand, is part 
of the collinear and soft gluon radiation contribution to the im-
balance between the two jets in the dijet production process. In 
particular, this ﬁnal state gluon radiation will contribute to a term 
depending on the jet size [26]: αs
2π2
1
q2⊥
C f ln
1
R2
, where q⊥ repre-
sents the transverse momentum of the radiated gluon, R the jet 
size, and C f the color factor for the associated jet (CF for quark 
jet and CA for gluon jet). This contribution can be factorized into 
the soft factor in the dijet production. When we Fourier transform 
the above expression into b⊥-space, we obtain a logarithmic de-
pendence ln(b2⊥μ2). In the factorization formula, the scale μ will 
be set around the hard momentum scale (such as the leading jet 
energy) to resum the associated large logarithms.
On the other hand, when we consider the medium induced 
gluon radiation from the diagram (c) of the right panel of Fig. 1, 
it is an infrared safe contribution as demonstrated in the BDMPS 
calculation [7]. This is because the famous Landau–Pomeranchuk–
Migdal (LPM) effect suppress the small transverse momentum 
gluon radiation in the medium. There is no such 1/q2⊥ behavior 
from this diagram, and it does not contribute to a logarithmic 
term of ln(b2⊥μ2), although it will contribute to a high order cor-
rections to Q s [27,28,33]. The bottom line is that the Sudakov 
effects only take into account the gluon radiation in the vacuum 
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time, it is common practice to subtract the vacuum contribution 
when we compute any medium effects in the BDMPS formalism. 
That also indicates that we can factorize these two effects into Su-
dakov factor and medium-dependent quantities, respectively, and 
write them together in a uniﬁed formalism to describe the dijet 
azimuthal correlation. We plan to discuss the separation of these 
two effects in detail in a separate publication [33].
The vacuum radiation diagram is part of all collinear and soft 
gluon radiation contributions in dijet production, which has been 
calculated recently in Refs. [25,26]. From these calculations, it was 
found that there is a simple power counting rule, which allows 
us to predict that each incoming parton contributes to the leading 
double logarithm with the associated color factor. They can be fac-
torized into the so-called transverse momentum distributions from 
the incoming nucleons and the soft factor associated with ﬁnal 
state jets. Because of the short distance hard scattering for dijet 
production, these contributions will not be modiﬁed in heavy ion 
collisions. We extend the resummation formula derived in Ref. [26]
in our study as follows
d4σ
dy1dy2dk21⊥d2k2⊥
=
∑
ab
σ0
∫
d2b⊥
(2π)2
e−iq⊥·b⊥W (b⊥) , (2)
where we focus in the small q⊥  k1⊥ ∼ k2⊥ region. Away from 
this region, we have to include a ﬁxed order perturbative correc-
tion. In the low q⊥ region, we apply an all order resummation 
formula for W (b⊥),
W (b⊥) = x1 fa(x1,μb)x2 fb(x2,μb)e−S(Q 2,b⊥) , (3)
where σ0 represents normalization of the differential cross sec-
tion, y1 and y2 are rapidities of the two jets, Q 2 = sˆ = x1x2S
is the partonic center of mass energy squared, b0 = 2e−γE , 
fa,b(x, μb = b0/b∗) are parton distributions for the incoming par-
tons a and b, x1,2 = k1⊥
(
e±y1 + e±y2)/√S are momentum frac-
tions of the incoming hadrons carried by the partons. By intro-
ducing the b∗-prescription [32] which sets b∗ = b⊥/
√
1+ b2⊥/b2max
with bmax = 0.5 GeV−1, we separate the Sudakov form factor 
S(Q , b⊥) into perturbative and non-perturbative parts in pp colli-
sions: S(Q , b⊥) = Spert(Q , b⊥) + SNP(Q , b⊥) with the perturbative 
part deﬁned as
Spert(Q
2,b⊥) =
Q 2∫
μ2b
dμ2
μ2
[
A ln
(
Q 2
μ2
)
+ B + (D1 + D2) ln 1
R2
]
,
(4)
where R represents the jet size. We have applied the anti-kt al-
gorithm to deﬁne the ﬁnal state jets in our calculations. Here the 
coeﬃcients A, B , D1, D2 can be expanded perturbatively in terms 
of powers of αs . At one-loop order, A = CA αsπ , B = −2CAβ0 αsπ for 
gluon–gluon initial state, A = CF αsπ , B = −3CF2 αsπ for quark–quark 
initial state, and A = (CF+CA )2 αsπ , B = (−3CF4 − CAβ0) αsπ for gluon–
quark initial state. Di is 
αs
2π CF for quark jet, and 
αs
2π CA for gluon 
jet. For the non-perturbative part, we follow those in Ref. [26].
3. Probing the PT -broadening effect
In the following discussion, we focus on dijet productions in 
mid-rapidity. In this kinematics, the PT -broadening effects also 
contribute to the longitudinal momentum along the incoming 
beam direction, and therefore modify the rapidity of the ﬁnal state jets. However, in the region of interest for our study, this is a sub-
leading order effect, which can be neglected in our calculations. 
We also notice that the PT -broadening effect is along the direction 
perpendicular to the jet, so that it will not affect the transverse 
momentum along the jet direction. However, for convenience in 
implementing the PT -broadening effects in a single formula to-
gether with the Sudakov resummation, we modify Eq. (4) as
S(Q ,b)|AA = Spert(Q ,b∗) + SNP(Q ,b) + Q 2s b2/4 , (5)
where Q 2s ≡ qˆL encodes the total medium PT broadening effects 
for the produced dijets.2 Since the produced dijets are almost back-
to-back, we can approximate dijets (for example, qq dijets ﬁnal 
state) as a single Wilson quark line with the total length L. For 
other ﬁnal state channels, we just need to multiply Q 2s by ap-
propriate Casimir factors. In the correlation calculation, we will 
integrate out the sub-leading jet energy in a certain range, which 
effectively integrates out the transverse momentum along the jet 
direction. As a result, Eq. (5) is reduced to the form that the PT
broadening effects only apply to the transverse direction perpen-
dicular to the jet direction.
The ﬁrst two terms in Eq. (5) are the same as that in pp colli-
sions.3 In order to observe the PT -broadening effects, we have to 
ﬁnd the right kinematics where the last term will be important. 
This can be achieved by varying the jet energy (which will modify 
the perturbative Sudakov term) or the medium effects (by chang-
ing the centrality or the energy of the collisions).
Let us ﬁrst examine the typical dijet production at the LHC. 
In Fig. 2, we plot b⊥ × W (b⊥) as function of b⊥ for a leading 
jet energy P⊥ = 120 and 50 GeV, respectively, at mid-rapidity at √
S = 2.76 TeV, where W (b⊥) is deﬁned as in Eq. (3). The Fourier 
transformation of W (b) yields the imbalance q⊥ distribution for 
the dijet. In the numeric calculations, we have taken into ac-
count the perturbative form factor at one-loop order: A(1) , B(1) , 
and D(1) . We have also checked the complete next-to-leading log-
arithmic corrections do not change signiﬁcantly the behavior of 
these distributions. The three curves in this plot correspond to 
Q 2s = 0, 8, 20 GeV2, respectively. From these plots, we can see that 
the dominant contribution of W (b⊥) comes from small-b region, 
where the PT -broadening effects do not affect the results at all. 
Clearly, at the LHC, the perturbative Sudakov form factor Spert(b)
dominates the small-b contribution. More importantly, in the LHC 
energy region, the dijet productions probe relatively small-x par-
ton distributions, where the xfa(x, μb) factor in Eq. (3) signiﬁcantly 
pushes the contributions into the small-b region. Therefore, even 
if we lower the leading jet energy to 50 GeV, it will still be domi-
nated by small-b contribution as shown in the right panel of Fig. 2, 
where, again, we ﬁnd that the medium effects are negligible.
To see the medium effects on the azimuthal angular distribu-
tion, we apply Eqs. (2), (3), (4), (5) to calculate the φ distribu-
tion,
1
σdijet
dσdijet
dφ
, (6)
where σdijet is the dijet cross-section and the numerator is calcu-
lated from Eq. (2) after integrating over other kinematic variables. 
As shown in Fig. 3, we ﬁnd that the shape of the angular correla-
tion is consistent with the CMS data for back-to-back dijet conﬁg-
urations. More importantly, our results show that PT -broadening 
2 Here we assume that the medium broadening effect is purely Gaussian as in the 
BDMPS framework. Hard scatterings between medium and produced dijets, which 
may change the large angle correlation, have not been taken into account.
3 Here we neglect the PT -broadening from the cold nuclei effects, which is much 
smaller than that in hot QCD matter [7,16].
A.H. Mueller et al. / Physics Letters B 763 (2016) 208–212 211Fig. 2. Impact of the PT -broadening effects on dijet production at mid-rapidity at the LHC, where we plot the b⊥ ×W (b⊥) of Eq. (3) as functions of b⊥ with S(Q , b) in Eq. (5)
and three different values of Q 2s = 0, 8, 20 GeV2. The Fourier transformation of W (b⊥) would give the imbalance transverse momentum q⊥ = k1⊥ + k2⊥ distributions, where 
k1⊥ and k2⊥ are the leading jet and sub-leading jet transverse momenta. Comparison between the two choices of the leading jet transverse momentum P⊥ = 120, 50 GeV at 
the LHC, respectively.Fig. 3. PT -broadening effects in Dijet azimuthal angular distributions in central PbPb 
collisions at the LHC.
effects are negligible at the LHC, where the three curves (corre-
sponding to three different choices for Q s) almost lay on top of 
each other. This also explains why the azimuthal angular correla-
tion in dijet productions does not change from pp to AA collisions 
at the LHC for the kinematical region studied in the ATLAS and 
CMS measurements.
Nevertheless, the above conclusions can dramatically change 
when we switch from the LHC to RHIC. First of all, the jet trans-
verse momentum can be brought down to 35 GeV at RHIC, which 
signiﬁcantly reduces the Sudakov effects due to smaller virtual-ity Q 2. Furthermore, even for identical jet PT , the Sudakov effects 
are smaller at RHIC energy, since typical x values which enter the 
collinear parton distributions in Eq. (3) are larger.
As shown in Fig. 4, we plot the same distributions for a typi-
cal dijet production at RHIC with 
√
S = 200 GeV. Here, clearly, we 
can see that the medium induced PT -broadening contribution is 
very important in the b ∼ 0.5 GeV−1 region. As a result, signiﬁcant 
PT -broadening effects can be found in Fig. 4 for RHIC experiments. 
In particular, the PT broadening effects change not only the shape 
but also the magnitude of the dijet azimuthal correlations in heavy 
ion collisions at RHIC. We are looking forward to these measure-
ments in the near future [34].
4. Conclusions
We have performed a systematic study of dijet azimuthal de-
correlation in heavy ion collision to probe the PT -broadening 
effects in the quark–gluon plasma. By taking into account addi-
tional Sudakov effects, we found that at the LHC, the medium 
PT -broadening effects are negligible in the dijet azimuthal angular 
distribution, which is consistent with the observations from the 
ATLAS and CMS experiments. By contrast, we demonstrated that 
the PT -broadening effects can be important at the RHIC energy 
and we should be able to observe it in experiments. Future study 
of this physics at RHIC would provide a unique opportunity to di-
rectly probe the PT -broadening effects and help to identify the 
underlying mechanism for the jet energy loss in relativistic heavy 
ion collisions.Fig. 4. PT -broadening effects at RHIC: (left) plot of b⊥W (b⊥) as function of b⊥; (right) azimuthal de-correlation for dijet production at RHIC for a leading jet P⊥ = 35GeV.
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development of the Monte Carlo event generator “JEWEL” [35,36], 
which incorporates both the parton shower effects and medium 
effects, such as the LPM effects. By and large, our theoretical work 
is complementary to these numerical studies.
Further theoretical investigations should follow along the direc-
tion of this paper. In a recent calculation at the next-to-leading 
order [28], a double logarithmic term depending on the length L
was found in Q s . Since we are dealing with jet propagation in this 
paper, we need to consider the modiﬁcation of the ﬁnite jet size on 
the PT -broadening calculations. These contributions will depend 
on the details of gluon radiation in the medium and could provide 
a unique way to distinguish different mechanisms. We should also 
combine the above analysis with the jet energy loss calculations. 
For that, we need to carry out a next-to-leading order perturbative 
calculation combined with the jet energy loss with jet size depen-
dence (see, e.g., recent calculations in Refs. [31,37]). Early attempts 
have been made in Refs. [17–19] to calculate the A J asymme-
tries from the LHC measurements. By combining the theoretical 
studies of the azimuthal de-correlation and the energy asymme-
try A J for dijet production in heavy ion collisions, together with 
the sophisticated Monte Carlo simulations, we should be able to 
unambiguously decode the underlying mechanism for jet quench-
ing phenomena in the strongly interacting quark–gluon plasma. 
In addition, the theoretical developments of this paper should be 
applied to the photon-jet correlation [20] and more recent analy-
ses of hadron-jet correlation by the ALICE and STAR Collaborations
[38,39].
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